Morphological variations of Asterionella formosa were studied both in field samples from Bautzen Reservoir, Germany, and in culture experiments. It was observed that this diatom exhibited considerable variation in the number of cells per colony, ranging from unicells to colonies with more than 16 cells. The winter period of two consecutive years which differed with respect to ice-and snow cover were compared (1995: no ice cover; 1996: an ice cover lasting 4 months). A. formosa was obviously inedible for Daphnia in winter 1995 whereas in the same period in 1996 this species represented a main food source for Daphnia galeata, as was demonstrated by microscopic observation of the gut content of D. galeata during periods of Asterionella blooms. From feeding experiments with 14 C-labelled A. formosa of different colony sizes and from microscopic observations of Daphnia feeding in a suspension of Asterionella colonies, I confirmed that only Asterionella colonies with up to 7 cells were effectively ingested by D. galeata. Above this threshold, the ingestion efficiency decreased to less than 30%. Steady-state populations of A. formosa in culture experiments showed a marked dependence on the number of cells per colony on light intensities. The mean colony size was usually less than 5 when light was limited (fell below a threshold of 20 mE m À2 s À1 ), and greater than 8 when light intensities exceeded 110 mE m À2 s À1 . In Bautzen Reservoir, low light penetration owing to snow-covered ice in winter 1996 resulted, similar to culture experiments, in Asterionella colonies with 4 or less than 4 cells. Contrary to 1996, nonlimited light penetration corresponded to 8-celled colonies in winter 1995. Light limitation during periods of ice cover should therefore be a strong environmental predictor of the colony size of A. formosa and, consequently, of the ingestion efficiency of a Daphnia population, thereby strongly modifying trophic interactions in pelagic food webs.
Introduction
In aquatic systems, environmental variables change at different temporal and spatial scales; thus, algae experience nutrient and light changes, temperature fluctuations and variations in abundance of grazers (Sommer et al., 1986) . It is well known that algae respond to perturbations not only at the community level through abundance and dominance shifts but also at the individual level with alterations in colony morphology, growth and biochemical composition (e.g., Lund, 1949; Reynolds, 1984; Lu¨rling and van Donk, 1999) . Cell and colony size occupy a key position in the ecological and physiological behaviour of algae, the growth as well as loss processes of phytoplankton being dependent on this variable (Reynolds, 1984; Padisak et al., 2003) . Mass developments of Asterionella formosa Hass. (Bacillariophyceae) during winter and early spring are a common phenomenon in mesotrophic and eutrophic temperate lakes and reservoirs (Lund et al., 1963; Reynolds, 1984) . Asterionella grows fairly well within a temperature range of 1.5-24 1C (Lund, 1949; Van Donk et al., 1988; Kudoh and Takahashi, 1989) even under an ice cover at low light intensities (Sommer, 1985) . This stellate diatom is a typical r-strategist, characterized by a high efficiency of light utilization due to their elongated shape (Reynolds, 1984) . Kudoh and Takahashi (1989) postulated an almost linear relationship between the specific growth rate and the light intensity at temperatures ranging between 5 and 20 1C, with a compensation light intensity for growth of about 1 mE m À2 s À1 regardless of the temperature. The diatom A. formosa occurs mainly as colonies with 8-12 cells, but more rarely also as colonies with only 4 or less cells. The morphometry can be characterized by a more or less centric arrangement of cells held together by mucilage (Reynolds, 1984) .
Some authors have shown that A. formosa change its colony size (cell number per colony) with season (Lund et al., 1963; Hayakawa et al., 1994) . A decrease in colony size was postulated already by Lund in 1949 to be caused by the effects of nutrients (e.g. phosphate limitation). According to Tilman et al. (1976) and Peterson Holm and Armstrong (1981) , the number of Asterionella cells per colony varied as a function of nutrients, particularly the ratio Si:P. Tilman et al. (1976) found that phosphate limitation decreased colony size of A. formosa, whereas silicate limitation resulted in the opposite effect. Besides nutrients, temperature may not only have an effect on algal biochemistry and growth rate but also influence the morphological appearance of cells and colonies (Hayakawa et al., 1994; Lu¨rling and van Donk, 1999) .
Despite the possible importance of Asterionella in the diet of Daphnia, data on the ingestion efficiency of Asterionella are to some extent controversial. Since the greatest axial dimension of the stellate colonial form ranged from 50 to 140 mm (Reynolds, 1984; Kagami et al., 2005) , ingesting Asterionella should be far from trivial for the filter-feeder Daphnia. Gut content analyses by Infante (1973) , Horn (1981) and Ferguson et al. (1982) as well as feeding experiments with 14 C-labelled Asterionella (Geller, 1975; Lampert, 1977) confirmed the edibility of this diatom species for Daphnia. By contrast, investigations of Porter (1975) , Lehman and Sandgren (1985) , Knisely and Geller (1986) , and Kagami et al. (2005) substantiated a very low ingestion of Asterionella by Daphnia. Infante and Litt (1985) and Carotenuto and Lampert (2004) found lower clearance, incorporation and growth rate in D. pulicaria when offered colonyforming Asterionella compared with single-celled diatoms. There has been little information so far on the reasons for the reported differences in the edibility of Asterionella.
The objectives of this study are two-fold: I investigated whether (i) the different edibility of A. formosa for Daphnia galeata depends on changes in the colony size, and (ii) whether the colony size is controlled either by bottom-up factors (e.g., light intensity) or by top-down factors by Daphnia grazing. Samples from Bautzen Reservoir (Saxony, Germany) taken during winter period of two consecutive years (1995 and 1996) which differed with respect to ice cover were analysed. In both years a mass development of Bacillariophyceae consisting mainly of A. formosa was observed. Field observations and laboratory experiments were combined to analyse changes in the colony size of Asterionella in dependence on grazing on Asterionella by Daphnia or on light intensities. Simultaneously, feeding experiments were performed to test the edibility of differently sized Asterionella colonies for D. galeata by using (i) gut content analysis, (ii) short-term feeding of Daphnia in experiments with radioactively labelled Asterionella and (iii) microscopic observations of the feeding process of D. galeata.
Finally, the results are discussed with respect to their implications for the interaction between Daphnia and Asterionella under conditions of climate warming.
Material and methods

Study site
Bautzen Reservoir (Germany) is a man-made hypereutrophic lake characterized by a high ratio of surface area (533 ha) to mean depth (7.4 m) (Benndorf, 1995) . Due to continuous biomanipulation (Benndorf, 1995) , the seasonal dynamics of the plankton community is characterized by relatively high densities of D. galeata during the winter period (Benndorf et al., 2001; Kasprzak et al., 2007) . A mass development of Bacillariophyceae occurred generally during the winter and spring periods (Benndorf and Faltin, 1995) . Bautzen Reservoir developed an ice cover (lasting between 10 and 100 days) in 18 out of 24 years of the long-term investigation .
Field study
The freezing date was defined as the date when 480% of the reservoir area was covered with ice, followed by a permanent ice cover (Adrian et al., 1999) . Timing and duration of the ice cover was calculated based on daily observations (unpublished results, Landestalsperrenverband Sachsen, Saxony's Dam Authorities). Water temperature was measured with a thermistor probe at intervals of 1 m from the surface to the bottom (OXI 196, WTW) , while nutrients (phosphate, silicate) were determined in depths corresponding to phytoplankton samples (0, 3, 5, 8 m and near the bottom). The vertical penetration of photosynthetic active radiation (PAR ¼ 400-700 nm) was measured in situ using a Li-Cor spherical quantum sensor (LI-189). In 1996, the light intensity was measured in the open ice hole. To avoid overestimation, values from 1 and 2 m depths were used for a comparison between years. At these depths the measurement of light intensity should no longer be influenced by light penetrating through the ice hole according to Ru¨cker and Henschke (2004) .
Dynamics and structure of the Asterionella mass development and grazing rates by Daphnia galeata were studied in Bautzen Reservoir from January through March in 1995 and 1996. In 1996, sampling was carried out through an ice hole (40 cm in diameter). Zooplankton and phytoplankton samples were taken every 3 weeks simultaneously with a 2 l Ruttner sampler from five depths (two samples per depth: 0, 3, 5, 8 m and near the bottom) at the deepest point of the reservoir (Benndorf et al., 2001) . One hundred milliliters of phytoplankton samples were preserved with potassium iodine solution. Phytoplankton samples were settled in Utermo¨hl-type chambers and at least 100 Asterionella colonies and cells were enumerated by an inverted microscope shortly after sampling. Zooplankton sampled by Ruttner sampler were concentrated by a 55-mm net, preserved with a 4% formaldehyde-sucrose solution. At least 100 randomly selected daphnids from each zooplankton sample were counted and measured with a stereomicroscope (Zeiss, Jena). For further details of zooplankton analysis see Benndorf et al. (2001) . Gut content analyses of at least 10 randomly selected D. galeata from each zooplankton sample were performed using an epifluoresence microscope (Axiophot) in order to determine the ingested proportion of A. formosa cells. Furthermore, cells in the gut which were empty (no chlorophyll fluorescence) or even damaged were defined to be digested and were counted separately.
The filter feeding of D. galeata was analysed by means of fluorescent polystyrene beads (5.9670.07) mm (TM Plain Latex micro particles, Polyscience) added to the natural suspension in a grazing chamber (modified after Haney, 1971) . The chamber was exposed in the pelagic zone of Bautzen Reservoir at depths 2, 5 and 10 m. The experiments were terminated after 8 min according to the actual gut retention time (Wagner, 1998) . The body length of D. galeata was measured, and polystyrene beads were counted separately in the gut, the food groove and the mouth region using epifluorescence microscopy (magnification 100 Â ). By considering only beads from the gut, i.e. those that were indeed ingested, not only filtered (collected) from the water column, the ingestion-effective filtration rate (IFR) for each individual Daphnia was calculated. Additionally, the ratio of the number of ingested to the number of collected beads (ratio of ingestion to collection) was calculated according to the approach of Wagner and Kamjunke (2001) . The ratio of ingestion to collection ranges between 0 and 1, with lowest values indicating avoidance. The maximum ingestible particle size for D. galeata was determined by feeding daphnids in situ with polystyrene beads of a size range from 6 to 90 mm, and measuring the diameter of the largest three microspheres found in the gut of differently sized Daphnia (Bern, 1994; Wagner, 1998) . The product of IFR and biomass of the Daphnia population was calculated to estimate the total volume of water filtered by Daphnia per unit time, here defined as the effective filtration rate (EFR) (Wagner, 1998) .
Laboratory experiments
Culture methods D. galeata used in all laboratory experiments came from a stock culture collected in Bautzen Reservoir in October 1994. One clone of D. galeata was cultured in 1-l beakers at medium light at 18 1C with daily additions of the green algae Scenedesmus obliquus from a batch culture. The offsprings were separated after hatching and grown for 7 days at 18 1C, and females with a body length between 1.5 and 1.6 mm were used for the experiments. The selectivity of feeding depends on the Daphnia size (Lehman and Sandgren, 1985) , but since I used individuals of similar body size in every experiment, I could eliminate that this affected the food selection. Asterionella colonies were isolated from the surface of Bautzen Reservoir during a bloom period of this species (494% of the phytoplankton biovolume) in January 1996. Algae were maintained in filtered reservoir water (o 0.2 mm, polycarbonate membranes) at 18 1C and a light intensity of about 90 mE m À2 s
À1
. The Si:P ratio of the cultures ranged between 80 and 100:1 representing the optimal ratio for Asterionella (Tilman, 1977) . Cultures were unialgal but not axenic. Laboratory experiments were performed with low-light adapted (1-10 mE m À2 s
) and high-light adapted (140-160 mE m À2 s
) pre-cultures of Asterionella, which were transferred to filtered lake water. Lake water was used to ensure that the laboratory experiments approximated to the nutrient situation in Bautzen Reservoir during winter.
Feeding experiments and observation of feeding behaviour
In order to understand the mechanisms behind the different edibility of Asterionella, one needs to separate effects on filtration from properties affecting ingestion of Asterionella by Daphnia. Grazing experiments were performed using two different approaches: (i) short-term feeding of Daphnia in experiments with radioactively labelled A. formosa as well as with fluorescent polystyrene beads, and (ii) direct microscopic observations of the feeding process. Hence, I estimated filtration, ingestion and carbon incorporation rates (CIRs) of D. galeata feeding on two pre-cultures of A. formosa differing in colony size. D. galeata were pre-fed for at least 1 h with unlabelled A. formosa and were then siphoned off in the experimental beakers. Experimental beakers contained 250 mL filtrate (lake water o0.2 mm) and a cell density of about 8.1 Â 10 3 Asterionella cells mL À1 which reflected common winter conditions in Bautzen Reservoir. This concentration corresponded to about 0.3 mg C l À1 , which is slightly above the incipient limiting concentration for Daphnia (Lampert, 1977) . The beakers were turned every 10 min to prevent sedimentation of algae. Feeding experiments were performed at a water temperature of 17.270.7 1C at medium light intensity (55 mE m À2 s À1 ) with three replicates.
Filtration rates correspond to the volume of water that contained all algal cells or fluorescent beads, that have been filtered by the daphnids. Due to the low edibility of A. formosa, filtration and ingestion rates may differ strongly, since the number of filtered Asterionella cells could exceed those of ingested cells considerably. As it is not possible to differentiate between the 14 C-signal of Asterionella cells that are found in the gut or only in the food groove or mouth region of Daphnia, the polystyrene bead method gives an additional tool referring to the estimation of IFR. IFR measurements were based on the ingestion of fluorescent polystyrene beads with a diameter of (5.9670.07) mm (TM Plain Latex micro particles, Polyscience) (e.g. DeMott, 1986; Van Donk et al., 1997; Wagner and Kamjunke, 2001 ). The grazing experiments were started by adding about 700 beads mL À1 into the experimental beakers which contained a cell density of about 8.1 Â 10 3 Asterionella cells mL À1 either of large-size or of small-size colonies. To avoid losses of ingested beads by defaecation, the experiments were terminated after 3 min (Wagner and Kamjunke, 2001 ). Daphnids were removed by filtration, anaesthetized with carbonated water and preserved in formalin-sucrose solution. Their body length was measured, and polystyrene beads were counted separately in the gut, the food groove and the mouth region using epifluorescence microscopy (magnification 100 Â ). The IFR for each individual Daphnia was calculated from the number of ingested beads (see above).
In addition, the ingestion and the CIRs were measured with the standard radiotracer approach (Peters, 1984 ) using 14 C-labelled Asterionella. Low-light or high-light adapted log-phase pre-cultures of A. formosa, respectively, were labelled with sodium [ 14 C]bicarbonate (100 mCi) in screw sap Erlenmeyer flasks for 12 h at 19 1C. The labelled Asterionella colonies were filtered through a 20-mm Nitex net, washed and resuspended in 250 ml filtered lake water (o0.2 mm). The grazing experiments were started by adding about 25 D. galeata into the experimental beakers. The ingestion rate corresponded to radioactively labelled Asterionella cells which were filtered by D. galeata (but not necessarily ingested) during exposure. Daphnids were removed from the beakers after 3 min by passing the water through a 250-mm-Nitex net. Afterwards, daphnids were anaesthetized with carbonated water, washed and killed with 4% formaldehyde-sucrose solution. For estimating CIRs, D. galeata were eliminated from the suspension with labelled Asterionella after a 2-h lasting feeding period. An additional 10 min lasting post-feeding period in a suspension without any 14 C ensured that labelled filtered, but non-ingested, Asterionella cells were eliminated from the mouth area of D. galeata before anaesthetizing. All daphnids were sized under a dissecting microscope and placed individually into scintillation vials and solubilized at 60 1C for 12 h, before the radioactivity was counted. Ten milliliters of the cell suspension were taken from each beaker and fixed immediately with a formaldehyde solution for determining the total cell number as well as the mean cell number per Asterionella colony. Activities of Asterionella in the suspension were determined by triplicates of 5 mL sub-samples of each beaker filtered by 1 mm polycarbonate membranes (Nuclepore) before and immediately after the ingestion and carbon incorporation experiments, respectively. The activities of both Daphnia and filters with Asterionella were counted after adding of 10 mL scintillation cocktail (Ultima Gold, Packard) per vial in a liquid scintillation counter (1900 TR, Packard).
Some part of the recently assimilated carbon is immediately respired as 14 CO 2 (approximately 7% h À1 ; Lampert and Gabriel, 1984) . Therefore, this approach does not yield true assimilation rates and, hence, it is better to speak of carbon incorporation instead of assimilation rate (Carotenuto and Lampert, 2004) . The carbon incorporation efficiency describes the ratio of carbon incorporation to ingestion reflecting the digestibility of well ingestible food particles. Furthermore, differences in ingestion rates determined from radiolabelled Asterionella on the one hand and the ingestion of the small fluorescent beads by D. galeata on the other hand, give some information on to what extent the ingestion of Asterionella colonies was impeded due to their colony structure and size. I hypothesize that D. galeata feeds only on Asterionella up to a certain colony size with a high efficiency and should be not able to ingest larger colonies.
The ingestion rates (IR cal,i ) of D. galeata determined for each colony size were cumulated from single cells 
ðIFR Â number Asterionella cells per size_classÞ (1) The cumulated IR cal,i was compared with the CIR determined by the feeding experiments with radioactively labelled Asterionella cells. The colony size at which IR cal, n(ing) equalled CIR was defined as the maximum colony size (n ing , n ingp n) which is well ingestible for D. galeata.
The feeding behaviour of D. galeata was observed and quantified in three different algae suspensions each with an initial concentration of about 8 Â 10 3 algae cells mL À1 using a fluorescence microscope at a magnification of 100 (Axiophot, Zeiss). Microscopic observations of the Daphnia feeding behaviour were performed with (i) Asterionella colonies with less than 5 cells, (ii) Asterionella colonies X8 cells, and (iii) a single-celled culture of Scenedesmus obliquus as control. Each Daphnia was attached to the back of the filled observation chamber (2 mL) with a small dab of silicone grease. The chamber was mounted on the vertical stage of the microscope. The temperature in the chamber was controlled by a thermostat water bath (18 1C). Daphnids were allowed to acclimate for at least 30 min to the experimental conditions in the chamber before the first measurement was made. Afterwards the frequency of mandibular movement, providing a simple, reliable means of assessing ingestion, and the rate of rejection were recorded manually (Burns, 1968) . Although selection of individual food particles is unlikely for Daphnia, these animals can feed preferentially through food bolus rejection, making rejection rate a good measure of food preference (Hein et al., 1993) . Under conditions of moderate particle concentrations, rejection of collected particles by Daphnia is known to occur when the algae are physically or chemically unacceptable as food (Hein et al., 1993) . The frequency of the mandibular movement was counted at least 25 times per animal by measuring the time for 20 single mandibular movements. Frequencies of labral and post-abdominal rejections were counted for periods of 2 min at least 25 times per animal. Feeding behaviour of 20 adults of D. galeata was examined and calculated as mean values of all single measurements. Besides, the mandibular distance and the diameter of the fragmented Asterionella colonies were measured.
Factors controlling the colony size of A. formosa Kudoh and Takahashi (1989) , culture conditions corresponding to 15-20 1C and about 120 mE m À2 s À1 should be near the optimum growth conditions for A. formosa. Two sets of trials were performed, one with a low-light adapted Asterionella pre-culture (mean colony size 4.8) and the other with a high-light adapted pre-culture (mean colony size 9.4). After 0 and 48 h, respectively, a volume of 5 mL was sampled. The number of Asterionella cells of about 100 colonies and the number of cells per liter was counted using the epifluoresence microscope.
Alterations of the colony size of A. formosa at various light intensities were tested using exponentially growing batch cultures in 150 mL Erlenmeyer flasks exposed to an increasing light gradient. The cultures were maintained at 18 1C under continuous light (six treatments with 1.1, 9.5, 34, 48, 85 and 166 mE m À2 s À1 , respectively, three replicates each), which was measured inside the flasks at the surface of the medium as PAR by a spherical quantum sensor. The beakers were coated with white material coverings of different thicknesses and densities leading to a defined light screen, thus offering different light intensities. To test whether the colony size could be dependent on physiological conditions of the inoculum culture of A. formosa, a first experimental series was accomplished with a pre-culture adapted to low light (8 mE m À2 s À1 , 2.9 cells per colony), while in the second experimental series a pre-culture adapted to high-light (166 mE m À2 s À1 , 8.9 cells per colony) was used. Beakers containing an initial concentration of 4.8 Â 10 3 (low-light adapted pre-culture) and 4.2 Â 10 3 (high-light adapted pre-culture) Asterionella cells per mL, respectively, were incubated at a rotating table.
Sampling of Asterionella in the experimental beakers was performed after 0, 30 and 60 h by taking a subsample of 2-6 mL (depending on Asterionella abundances). A third experiment was performed by analysing the influence of light at a water temperature of 4.0 1C on changes in colony size at a low (1.2 mE m À2 s À1 ) and high (166 mE m À2 s
À1
) light intensity, respectively. Asterionella was sampled from the experimental beakers after 0, 24, 48, 72 and 96 h, respectively. Algal samples were preserved with formaldehyde and analysed by an epifluorescence microscope (Axiophot) under magnification 400 Â . The numbers of cells and colonies were counted of at least 100 randomly selected Asterionella
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colonies from each sample. From these values, the colony size and the growth rates during the exponential period of growth were quantified. Additionally, the length and the width of about 30 Asterionella cells were measured with an ocular micrometre.
Statistical analysis
To examine potential differences between both years covered, I used Mann-Whitney U-test for an equal sample size after testing for the homogeneity of variances (Levene test). To test whether Daphnia can influence the shape of the colony size distribution, a general comparison of distributions was employed for the two experiments. The size distributions of the Asterionella colonies in the treatments were compared against the distribution of the start culture and the control (no Daphnia) as well as the Daphina grazing treatment using the w 2 -test. To account for possible random errors, an adjustment of the p-values was performed according to the Bonferroni procedure. Differences of the colony size of A. formosa between treatments differing in colony sizes of the pre-cultures and in the light intensities during the incubation were tested with one-way ANOVA followed by Tukey's HSD pairwise comparison of means (significant if po0.05). To this aim, treatments were divided into three levels of light intensity: low (L) light conditions (1 and 10 mE m-2 sÀ1 ), medium (M) light conditions (30-85 mE m À2 s À1 ) and high (H) light conditions (166 mE m À2 s À1 ). Statistical analysis was preceded by tests for normality and homogeneity of variances.
Results
In situ analysis in Bautzen Reservoir comparing 1995 and 1996 Bautzen Reservoir was covered with ice permanently from 1 January through 10 April in 1996 (Table 1 ). The maximum thickness of ice recorded was 46 cm covered by snow (15 cm) from the beginning of February. The reservoir was inversely thermally stratified. Contrary to 1996, the reservoir was virtually free of any significant ice cover and the water body was mixed permanently in 1995. As a consequence of ice cover in 1996, PAR was significantly lower compared to that in 1995 and light attenuation by the ice and snow cover amounted to up to 86%. PAR decreased sharply to about 21 and 5 mE m À2 s
À1
, respectively, in 1 and 2 m depth in 1996, while light intensities in these depth horizons did not fall below 120 and 55 mE m À2 s À1 , respectively, during winter 1995. In contrast to PAR, the concentration of both reactive silicate and DRP did not differ significantly between years.
Pairwise comparisons of biotic criteria between 1995 and 1996 showed that the colony sizes of A. formosa as well as the Daphnia grazing rates differed significantly (Table 1) . During winter A. formosa clearly dominated the phytoplankton community in both years. In 1996, the Asterionella population was composed mainly of colonies with 4 or less than 4 cells, whereas colony sizes of 8-16 cells dominated in winter 1995 (Table 1) . The stellate colonial form of Asterionella measured 95-110 mm in diameter. The Daphnia population was characterized by a higher biomass as well as a higher EFR in 1996 compared to 1995. Contrary to 1995, a strong vertical gradient of the Daphnia abundance as well as the filtration rates was found in 1996, characterized by highest values at water temperatures of 3.9 1C (deep layers) compared to less than 1 1C in the upper layer. Besides the water temperature, differences in the EFRs corresponded to a higher ratio of ingestion to collection in 1996 compared to 1995 where only 38% of food particles collected entered the gut. A comparison of gut contents of D. galeata between years showed that in winter 1996 up to 90% of gut contents consisted of Asterionella fragments, whereas a proportion of 5% was not exceeded in 1995. Asterionella cells ingested were predominately broken or even empty (loss of fluorescence) indicating that digestion of the cells had occurred during the gut passage.
Laboratory feeding experiments
Despite the differences in the size structure of Asterionella colonies in the feeding experiments, the IFR of polystyrene beads by Daphnia (Table 2) did not differ significantly between treatments. On the contrary to the IFR, the ingestion rate based on 14 C-labelled Asterionella was reduced from 55 to 30 cells ind À1 min
À1
when providing a cell suspension characterized by a larger colony size. Changes in the dominance of Asterionella colonies from X8 to p4 cells resulted in almost a doubling of the ingestion of A. formosa by D. galeata. Differences between the treatments were still clearer concerning the CIR, which increased more than five times when colony size was reduced. In treatment 1, the cumulative ingestion rate (IR cal,i ) calculated according to Eq. (1) equalled the observed carbon incorporation rate (CIR of about 8.6 cells ind À1 min À1 in Table 2 ) at a colony size of n ing ¼ 7 cells (IR cal, n(ing) ¼ 8.7 cells ind À1 min À1 ). Consequently, Asterionella colonies ranging from single through a maximum of 7 cells were defined to be effectively ingestible for D. galeata. In treatment 2, IR cal equalled CIR if the product of IFR and number of Asterionella cells per size class was cumulated for all size classes of colonies. The maximum colony size in treatment 2 amounted to 7 cells per colony which equalled n ing . This result confirmed that Asterionella dominated by colonies with less than 5 cells (97.8% in treatment 2; Table 2) are well ingestible by D. galeata, corresponding to a carbon incorporation efficiency or digestibility of well-ingestible colonies of A. formosa of about 84%.
Microscopic observation of filtering daphnids
Asterionella colonies of all size classes were transported into the thoracic chamber by the rhythmic beating of the filtration apparatus of D. galeata. When D. galeata were fed with 4-celled colonies, almost all colonies passed the mandibles and entered the intestine. In this process, the stellate colonial form of 4-celled colonies were fragmented and folded up to a compact package, but mostly colonies were not separated at the basis of cells (Table 3 ). The width of the colonies folded up amounted to about 10-16 mm. Since the distance between mandibles amounted to about 18-22 mm, these colonies were ingested effectively by D. galeata. Asterionella which had passed the mouth and entered the intestine were mostly broken. Contrary, colonies with 8 and more cells were not ingested by D. galeata as daphnids were not able to fold up these colonies as observed for 4-celled colonies. When in exceptional cases fragmentation of these large colonies succeeded, their ingestion was mostly prevented since the width of (Table 3 ). The frequency of mandibular movement of D. galeata in the suspension dominated by Asterionella colonies with p4 cells did not differ from the control (single-celled Scenedesmus). However, mandibular rates decreased to 77% of the maximum frequency when daphnids were exposed to Asterionella colonies with more than 8 cells. Mostly, several rejection movements of the labrum were necessary to remove non-ingestible colonies which accumulated in front of the mouth region. Under dominance of large-celled Asterionella colonies, labral rejection took place about every 9 s compared to 46 s in the suspension with 4-celled colonies (Table 3) . Furthermore, mandibular movement was interrupted during rejection by the labrum. Cleaning of the food groove from non-ingestible colonies by rejectory movements of the post-abdominal claws, corresponding to an interruption of the filtration process, took place at a lower rate compared to the labral rejection. However, rates observed in the suspension with 8-celled Asterionella exceeded rates observed at 4-celled colonies by about 3.5 times.
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Influence of Daphnia grazing on colony size of A. formosa
In the experiment with low-light adapted Asterionella, colonies with 4 or less cells dominated within the start culture. After the incubation period of 48 h, the relative frequency of these small-celled colonies decreased to 14% in the control treatment without Daphnia and to 3.2% in the Daphnia treatment (Fig. 1A) . Simultaneously, the percentage of colonies with more than 7 cells, i.e. of colonies which are less edible for D. galeata increased from 17% at the beginning of the experiment to 67% (control treatment without Daphnia) and to even 91% in the treatment characterized by strong Daphnia grazing. Differences in the frequency distributions of Asterionella colonies after 48 h were statistically significant in both treatments compared to the start conditions (no Daphnia: w 2 ¼ 77.9, po0.001; Daphnia grazing: w 2 ¼ 74.5, po0.001). Significant changes were found also between the treatments with and without Daphnia after 48 h (p ¼ 0.025). Contrary to low-light adapted Asterionella, in the experimental setup started with a high-light adapted pre-culture (Fig. 1B) , I found only a slight (not significant) change in the distribution of Asterionella colonies between the pre-culture and the control treatment without Daphnia after 48 h (w 2 ¼ 18.0, p ¼ 0.76). However, the frequency distribution changed significantly in the treatment with high Daphnia grazing in comparison to both the start conditions (w 2 ¼ 142.1, po0.001) and the treatment without Daphnia (w 2 ¼ 71.2, po0.001). The percentage of colonies with more than 7 cells (less-edible colonies) increased from 61% at the beginning of the experiment to 91% in the treatment with high Daphnia grazing.
Influence of light intensity on colony size of A. formosa
According to differences in PAR observed in 1995 and 1996 in Bautzen Reservoir (Table 1) , growth experiments were performed to analyse the influence of a light gradient on the colony size of A. formosa. Microscopic observation of changes in the formation of the colonies during the passage of the mandibles of D. galeata.
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Pre-cultures were adapted to low-or high-light conditions. According to the results of repeated measure ANOVA, the light intensity during the experiment had a significant influence on the mean colony size after 60 h (F ¼ 27.5, po0.001). Mean colony sizes after 60 h differed significantly concerning the levels of light intensity: low (L) light conditions (1 and 10 mE m À2 s À1 ), medium (M) light conditions (30-85 mE m À2 s À1 ) and high (H) light conditions (166 mE m À2 s À1 ) (Tukey-HSD for unequal n: H-M: p ¼ 0.011; H-L: po0.001, M-L: p ¼ 0.012). In the experiment with the low-light adapted pre-culture, the average colony size did not change when light intensity fell below 10 mE m À2 s À1 (Fig. 2) . At medium-light intensities, however, the mean colony size increased to 5.4-6.7 cells per colony after 60 h. The mean colony size increased much more rapidly (to 9.2 cells per colony after 60 h) at high-light conditions. On the contrary, in the experimental setup started with the high-light adapted pre-culture, only a slight increase of the mean colony size was found at the high-light intensity (Fig. 2) . On the other hand, the strongest decrease in colony size was observed at low-light conditions. At the end of the experiments, concentrations of phosphorus and silicate amounted to 66-81 mg DRP L À1 and 5.5-6.7 mg Si L À1 , respectively, and did not differ significantly between treatments (p ¼ 0.56).
The mean colony sizes of A. formosa after a 60 h lasting incubation period did not differ significantly (F ¼ 0.31, p ¼ 0.59) in dependence on physiological conditions (high-or low-light adaptation) of the preculture. Accordingly, an extrapolation of the curves describing light-induced changes in the mean colony size of the two pre-cultures in Fig. 2 resulted in an intersection at which the PAR-driven colony sizes of low-light adapted and high-light adapted Asterionella were equal. According to Fig. 3 , I postulated a significant relationship between the light intensity and the steady state of the light-specific colony size of A. formosa. A light intensity of 110 mE m À2 s À1 corresponded to a mean colony size of about 8 whereas 4-celled Asterionella colonies dominated at light intensities p10 mE m À2 s À1 . A comparison of laboratory and field studies concerning the relationship between light intensities during exposition and colony sizes documented that colony sizes observed in Bautzen Reservoir during winter 1995 and 1996 were quite comparable to those values which are expected from the results of the laboratory experiments (Fig. 3) .
Maximum growth rates amounting to 0.71 d À1 were observed at the highest light intensities which corresponded to a colony size of nearly 9 cells per colony. Growth rates decreased, however, to about 0.2 d À1 if light intensities fell below 20 mE m À2 s À1 . The same pattern of increase (for the low-light adapted pre-culture at a high-light intensity) or decrease (for the high-light adapted pre-culture at a low-light intensity) in colony size was observed at water temperatures of 4 1C (results of Fig. 4 ) as observed at 18 1C (Fig. 2) . Due to the lower maximum growth rates (o 0.13 d the low-light and high-light adapted pre-cultures were equal, however, only after a 72-h lasting incubation at low-light conditions or even after a 96-h-lasting incubation at high-light conditions.
Discussion
From the combination of field and laboratory studies, I conclude that (i) the edibility (efficiency of ingestion) of A. formosa for adult D. galeata decreased if colony size exceeded 7 cells (Tables 1-3, Fig. 1); (ii) the colony size was controlled primarily by light intensities (Figs. 2-4) ; and (iii) strong grazing on A. formosa by Daphnia accelerated the increase in the colony size by feeding selectively on colonies with less than 8 cells (Fig. 1) . Therefore, I postulate that the incident light intensity during winter which depends mainly on the iceand snow cover (Ru¨cker and Henschke, 2004) controls the edibility of A. formosa for Daphnia.
Differently designed laboratory experiments gave some evidence that Daphnia ingested only Asterionella colonies with up to 7 cells effectively. This conclusion was supported by combining the results from (i) gut content analysis of D. galeata from Bautzen Reservoir in winter 1995 and 1996 (Table 1) ; (ii) feeding experiments with respect to differences between ingestion rates and CIR of large-and small-sized 14 C-labelled A. formosa (Table 2) ; (iii) microscopic observations of Daphnia feeding in a suspension of differently sized Asterionella colonies (Table 3) ; and (iv) culture experiments comparing treatments with and without Daphnia grazing (Fig. 1) . A dominance of 8-to 12-celled Asterionella colonies yielded a low importance of Asterionella as food source for D. galeata in winter 1995. However, Asterionella formed the main food source of D. galeata during winter 1996 as colonies with less than 5 cells dominated the phytoplankton community (Table 1) . Gut content analyses indicated a digestion of the Asterionella cells ingested since empty husks or ones with disorganized contents were observed as already reported by Infante (1973) . Beakes et al. (1992) detected that organisms feeding on diatoms generally have to crush them for assimilation as silicate creates a physically strong and chemically inert, protective covering, which cannot be attacked enzymatically. However, gut content analysis of Daphnia is a semi-quantitative method only, yielding direct information on Asterionella ingested. A quantitative view, however, can be obtained from short-term feeding experiments with radioactively labelled food (Lampert, 1977) . Feeding experiments were performed with two pre-cultures corresponding to the colony sizes observed in Bautzen Reservoir in 1995 and 1996. Ingestion rates of Asterionella cells decreased by almost two times and the CIR by even five times due to a drastic increase in colony size, while the IFR of fluorescent beads was not significantly reduced in response to large-sized Asterionella colonies ( Table 2) . As the nutrient levels that could reduce digestibility of algae due to changes in the cell wall (Van Donk et al., 1997) did not differ between the treatments and, furthermore, cells that entered the intestine were mostly crushed, carbon incorporation efficiency should be comparable between the treatments instead of the decrease observed (from 84% to 28%; Table 2 ). Incorporation efficiency amounted to 38% for D. longispina (Schindler, 1971) and 46% for D. pulicaria (Carotenuto and Lampert, 2004) , respectively, when feeding on Asterionella, which is consistent with our treatment of large-sized colonies (Table 2 ). Carotenuto and Lampert (2004) postulated that the low incorporation rate of Asterionella was caused by a low incorporation efficiency and not by a low ingestion rate. In general, the published data on edibility of A. formosa for Daphnia show a wide scatter: 28-100% ; 14720% (Knisely and Geller, 1986) ; 10-70% (Sommer, 1988) ; 19.7-36.6% (Hein et al., 1993) ; 25-98% (this study). From feeding experiments, I assume that the wide range in edibility as well as the low incorporation rate in treatment 1 resulted from differences in the colony size of A. formosa used. As colony sizes of A. formosa used for feeding experiments published in the literature were not available, the ingestion rates are discussed in relation to the colony size structure in our study only. I suppose that differences in carbon incorporation efficiency should result from an overestimation of the ingestion rate in the suspension with X8-celled colonies because Asterionella colonies were contained in the filtered volume of water but were not ingested by Daphnia (Hartmann and Kunkel, 1991; Hein et al., 1993; Wagner and Kamjunke, 2001) . Therefore, an overestimation of the ingestion rate in treatment 1 arose from the mean number of non-ingested 14 C-labelled Asterionella colonies, which were accumulated in front of the mouth and/or in the food groove in the interval between two rejection cycles as observed also by Hein et al. (1993) and Bern (1994) . This observation could also explain the finding that individual ingestion rates were more variable for colonyforming diatoms compared to those in single-celled species as observed by Lehman and Sandgren (1985) , Carotenuto and Lampert (2004) and in this study. From differences between our treatments (Table 2) , I estimated that the number of these non-ingested colonies exceeded those of ingested cells by about three times at a dominance of large-sized colonies. Consistent with other investigations, this study revealed a higher rejection rate (Table 3 ) and a lower efficiency for feeding on large-sized colonies relative to feeding on single-celled Scenedesmus at similar concentrations (Porter and Orcutt, 1980; Infante and Litt, 1985) . The probability of ingestion is a function of the conditional probability of encounter, pursuit, capture and actual ingestion (Hartmann and Kunkel, 1991) . In the case of largesized Asterionella colonies, particularly the last step was hindered since the stellate colonial form must be aligned in bundles for successful ingestion. From microscopic observations of Daphnia feeding on A. formosa colonies with 4 cells, I concluded that the movement of mandibles enabled D. galeata to fragment the stellate colonial form of these colonies. The width of the colonies folded up was smaller than the distance of the mandibles and, hence, almost all colonies entered the intestine. Contrary to this observation, ingestion of colonies with more than 8 cells was very restricted, as a physical damage, fragmentation or a simple folding of these colonies by Daphnia mandibles was hardly possible. Grazing experiments of Kagami et al. (2005) supported this observation, as feeding activity of D. galeata hyalina did not break up large-sized colonies of A. formosa into smaller fragments. Sometimes colonies which reached the filtration apparatus several times were destroyed by Daphnia, but nevertheless the ingestion was prevented in the majority of cases, because the width of the compressed colonies exceeded the distance between the mandibles. Consequently, the frequencies of mandibular beat and swallowing decreased while the rate of rejection increased (Table 3 ). The combined effect was a reduction in ingestion rates (Table 2) . Similar behavioural changes were observed by Burns (1968) , Hartmann and Kunkel (1991) , Hein et al. (1993) and others. The strong decrease in edibility of Asterionella colonies of 8 and more cells was supported also by feeding experiments with radioactively labelled Asterionella. The ingestion rates cumulated for treatment 1 (Table 2 ) equalled the observed carbon incorporation rate in the case in which D. galeata effectively ingested Asterionella colonies ranging from single cell to a maximum of 7 cells. This result is valid if the carbon incorporation efficiency amounted to about 80%, which corresponds to rates observed in the treatment with small-sized, well-ingestible colonies (this study) and to maximum values derived from former studies by Reynolds et al. (1982) or Sommer (1988) . Besides feeding experiments, culture experiments confirmed a selective feeding of D. galeata ono8-celled colonies as the percentage of these well-edible colonies decreased to very low values in the Daphnia treatments, independent of the frequency distribution of the Asterionella pre-culture (Fig. 1) . Other factors which may also affect the ingestion rates of Daphnia such as taste or surface chemistry of algae (Porter and Orcutt, 1980; Carotenuto and Lampert, 2004) should be of less importance as small-sized Asterionella colonies of the same culture were ingested by D. galeata very effectively.
ARTICLE IN PRESS
The increase in Asterionella colony size observed both in field and laboratory studies resulted from elevated light intensities (Figs. 2 and 3) . By combining results from experiments with low-and high-light adapted precultures, it can be supposed that a mean colony size was established after 60-70 h (18 1C) or 96 h (4 1C), which correlated significantly with the light intensity during the exposition. Accordingly, a light intensity exceeding 110 mE m À2 s À1 corresponded to colony sizes of at least 8 whereas at light intensities below 15 mE m À2 s À1 the mean colony size did not exceeded 5 cells (Fig. 3) . The colony sizes of Asterionella observed in Bautzen Reservoir under the specific light conditions in winter 1995 and 1996 corresponded very well to the lightspecific colony sizes in the laboratory experiments (Fig. 3) . Changes in the colony size depending on light intensities suggest that metabolic processes associated with cell connection might be influenced by light (Hayakawa et al., 1994) . Accordingly, changes in colony size started immediately after an environmental change, causing one colony separation to be skipped or causing double separation. Consequently, cell division occurring at the centre connection of the colony makes an 8-celled colony first and then colony separation produces two 4-celled colonies (Hayakawa et al., 1994) . Some cells did not complete the cell division process before colony separation and this gave a variety of colony sizes temporarily. My observations support the assumption that the number of cells per colony increases much faster than the total number of colonies.
There are three possibilities to explain the advantage of changing the colony size of A. formosa: (i) the improvement of photosynthetic efficiency and growth, (ii) the resistance to ingestion by planktonic animals (Daphnia), or (iii) a relation to hydrodynamic flow (Reynolds, 1984) . This implies that colony formation is a multi-purpose strategy. By limiting the growth of a culture with essential nutrients (phosphate limitation: Tilman et al., 1976) , with temperature (Hayakawa et al., 1994) or light intensity (Fig. 3) (Fig. 2) . Therefore, I postulate that changes in nutrient availability (e.g., Tilman et al., 1976) as well as in light intensity (this study) can affect the colony size of A. formosa by changes in growth rates. Culture experiments of Hayakawa et al. (1994) demonstrated that the rates of specific growth and colony separation were balanced. Higher growth rates might as well indicate an improvement of photosynthetic efficiency of A. formosa, which has been suggested to be instrumental in increasing colony size through elevated production of mucilage (Hayakawa et al., 1994) . Mucilage pads are excreted from cells at the apex and connected the cells of the colony. Besides these abiotic factors, grazing by D. galeata could result in a top-down control of colonies with less than 7 cells as long as small-sized colonies are available. As shown by our grazing experiments, strong grazing on Asterionella by D. galeata resulted in a loss of colonies p8 cells, while the percentage of less-edible colonies increased rapidly (Fig. 1) , indicating an increase in the resistance of these colonies to ingestion. However, as changes in the distribution of colony sizes arose also without any Daphnia grazing (Figs. 1-4) , there is some evidence that the influence of light intensity on the colony size should be more fundamental compared to the grazing impact. Nevertheless, the selective feeding on small-sized colonies by D. galeata is expected to result in an acceleration of the increase in colony size distribution, particularly under low-light conditions (Fig. 1) . While the proportion of large-sized Asterionella colonies increased under direct Daphnia grazing, Daphnia infochemicals did not influence the colony size significantly (Wagner, 1998) . Therefore, I have no evidence, from my studies or from the literature, that Daphnia infochemicals induce colony formation in Asterionella as observed for different green algae (Hessen and Van Donk, 1993; Lu¨rling and van Donk, 1999) .
As a consequence of ice cover in Bautzen Reservoir in 1996, light transmission was reduced and diminished further by snow cover. Similar to the results of Ru¨cker and Henschke (2004) , the light transmittance of snowcovered ice declined to about 15%. Additionally, mixing actions of the water body were reduced (Reynolds, 1984) . Under conditions of a long-lasting ice cover, it seems possible to reach a steady state of the colony morphology even under field conditions (e.g., mean colony size 3.8 in 1996). Seasonal changes in the colony size of A. formosa have been reported in various natural waters (e.g., Lund, 1949; Lund et al., 1963; Hayakawa et al., 1994) . Lund et al. (1963) found that growth of A. formosa in Windermere during winter is limited by light and temperature whereas nutrients are present in excess. In January during a period of ice cover in Windermere, besides growth rates, also the colony size fell from about 8 to less than 6. After thermal stratification started, the closer to the surface A. formosa was sampled, the higher the average colony size rose, finally amounting up to a maximum of 11 cells per colony, while it was 5 or less between 10 and 60 m (Lund et al., 1963) . Therefore, it may appear that colony size is controlled by light conditions in Windermere as well. In Lake Suwa (Japan) characterized by a temporary ice cover (Kudoh and Takahashi, 1989) , 4-celled colonies were the most abundant ones in winter and early spring followed by an increase in colony size to 8 cells in June (Hayakawa et al., 1994) . Environmental control of the morphometric change of phytoplankton is certainly important in Lago Maggiore where the increase in volume of the pennate diatoms was mostly related to light intensities (Morabito et al., 2007) . Peperzak (1993) concluded that winter irradiance is too low to induce a colonial form in Phaeosystis which, therefore, remained as free-swimming solitary cells. However, a temporary increase in irradiance could induce colony formation, even at zero centigrade. Tilman et al. (1976) and Peterson Holm and Armstrong (1981) have shown that the colony size of Asterionella varied as a function of nutrient availability, being usually less than or equal to 6 when P-limited, and greater than 10 when Si-limited. In winter 1995, the concentration of DRP in Bautzen Reservoir decreased temporarily to 38 mg L À1 , while in winter 1996 DRP did not fall below 61 mg L
À1
. As the mean colony size of Asterionella was significantly larger in winter 1995 compared to 1996 at a comparable silicate concentration, differences in the colony size should not be induced by nutrients. A top-down control of the colony size structure of A. formosa in Bautzen Reservoir by D. galeata could also not be assumed since small, edible Asterionella colonies dominated in 1996 despite the higher EFR of the Daphnia population compared to 1995. The dominance of less edible large Asterionella colonies in 1995 could result in an escape of A. formosa from Daphnia feeding which should influence the fitness and fecundity of Daphnia (Carotenuto and Lampert, 2004) . Rejection of non-edible Asterionella colonies from the feeding chamber contains a risk of entanglement, and this increases energy costs and decreases feeding efficiency (Hein et al., 1993) . Carotenuto and Lampert (2004) confirmed this observation as they found lower growth rates and fecundity of Daphnia when offered a colony-forming Asterionella compared with single-celled diatoms. Padisak et al. (2003) showed that slight variations in morphology could have an adaptive meaning regarding different sinking behaviours of diatoms, which in turn are related to the efficiency in light harvesting. Asterionella colonies with 4 cells showed 1.3 to 1.8 times lower sinking rates compared to 8-to 16-celled colonies (Reynolds, 1984) . Since the highest abundances of A. formosa were found in the upper 3 m in Bautzen Reservoir during the period of ice cover in 1996, the low colony size could receive an additional significance in reducing losses due to settling out of the 1% PAR 0 depth (3-4 m in winter 1996) as long as ice cover reduced mixing. Furthermore in 1996, A. formosa could be isolated from parasitic fungal infections compared to 1995 as mobility of zoospores is almost completely depressed at low-light intensities (Bruning, 1991) or by low temperatures (Van Donk et al., 1988) .
In summary, morphological plasticity represents a key factor in the ecological and physiological adaptation of A. formosa in this study. Changes in colony size distribution demonstrated the high complexity of topdown and bottom-up mechanisms controlling the phytoplankton structure under field conditions. I conclude that low-light penetration owing to snow-covered ice in winter 1996 resulted in a dominance of colonies which are well edible for Daphnia. Insofar, climate change may have unexpected consequences on the interaction between phytoplankton and Daphnia. As shown by Adrian et al. (1999) , duration of ice cover affected also the timing and magnitude of the peak abundance of both diatoms and Daphnia during spring by changing the inoculum of phytoplankton. Thus, besides the direct temperature influence on the population dynamics of Daphnia, the temperature-dependent development of an ice cover can indirectly influence the phenology of planktonic primary consumers through the edibility of phytoplankton (e.g., Adrian et al., 1999; Winder and Schindler, 2004; George and Hewitt, 2006) . While 1995 represented an extremely mild winter which was typical for the 1990s, 1996 equalled the timing and duration of ice cover in the period prior to 1988. In general, the probability that the ice cover in Bautzen Reservoir lasted longer than 30 days decreased from 82% (1977-1987) to 23% (1988-2000) . As the probability of a long-lasting ice cover will be reduced in the future even stronger (IPCC, 2007) , dramatic effects on the interaction between phytoplankton and zooplankton can be expected during winter. This study confirms that even a low warming during winter may induce changes in community structure as well as ecosystem processes not only during winter but also in spring and summer (Adrian et al., 1999; Benndorf et al., 2001; Wagner and Benndorf, 2007) .
